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Abstract
Hydrogen is a renewable and environmentally friendly energy source that can replace fossil fuels by utilizing solar energy
through water splitting. The hydrogen production was conducted in this research by using a tandem system of dyesensitized solar cell–photoelectrochemical cell (DSSC–PEC) and a TiO2 nanotube coated with BiFeO3 (BiFeO3/TNT) as
a photoanode in the PEC. The deposition of BiFeO3 on TNT was prepared using the following three methods: successive
ionic layer adsorption and reaction (SILAR), ultrasonication-assisted SILAR, and ultrasonic– immersion method by
varying the number of deposition cycles in each method. In this study, the optimum cycles for SILAR, ultrasonicationassisted SILAR, and ultrasonic–immersion methods were 15, 5, and 3, respectively. Results show that the BiFeO3
deposited on TNT using the ultrasonic–immersion method with three cycles (BiFeO3/TNT_UI3) demonstrates the best
photoelectrochemical activity. The tandem system comprises BiFeO 3/TNT_UI3 photoanode and Pt-coated TNT dark
cathode PEC cell connected to TNT/N719-based DSSC with an efficiency of 1.27%. The constructed DSSC–PEC system
could produce 3.11 × 10−6 mol hydrogen in 6 h with a solar-to-hydrogen (STH) efficiency of 0.0033% in an H-type reactor
filled with 0.5 M H2SO4 electrolyte.
Keywords: BiFeO3/TNT, DSSC–PEC, hydrogen production

was first reported by Fujishima and Honda in 1972 using
a TiO2 photoelectrode on PEC [6]. TiO2 is a semiconductor
characterized by its wide band gap (3.0–3.2 eV), good
chemical stability, low cost, non-toxicity, corrosion
resistance, and high photocatalytic activity [7]. However,
the wide band gap of TiO2 can only absorb ultraviolet
(UV) light and is limited to absorbing visible light.

Introduction
Along with the times and the increasing human population,
energy consumption continuously rises to meet the
sustainability of human activities. Approximately 90% of
the total energy use in the world is fossil fuels, which
have remarkably limited availability and a negative
impact on the environment, such as global warming and
air pollution. These limitations and negative impacts
encouraged researchers to turn to alternative environmentally friendly energy sources [1].

One way of modifying the TiO2 semiconductor is by
adding bismuth ferrite (BiFeO3), which has a band gap of
2.0–2.8 eV; therefore, it can utilize visible light efficiently
[8]. BiFeO3 has non-toxic properties and good stability
[9]. In addition, Liao et al. reported that the BiFeO3/TiO2
nanotube (BiFeO3/TNT) heterojunction could increase
the specific surface area, improve charge separation and
electron–hole pair transfer efficiency, and inhibit their
recombination. The activity of the BiFeO3/TNT heterojunction was tested for the degradation of methylene blue
within 180 min of 78.4% (UV) and 90.4% (visible light)
[10]. A similar study was also conducted by Wu et al.,
where the deposition of BiFeO3 on TiO2 through five
repetitions of the spin coating increased the current
density by nearly 35 times than that of pure TiO 2 under

Hydrogen (H2) is an alternative environmentally friendly
energy source with high energy density per mass and
energy efficiency [2]. Instead of steam reforming of
methane gas from fossil fuels, several methods, such as
photoelectrochemical, photobiological, photoelectrolysis,
and photocatalytic approaches, can be used in hydrogen
production [3, 4]. The photoelectrochemical method
(photoelectrochemical cell, PEC) can efficiently produce
hydrogen by utilizing semiconductors, light, and water
because it is cost-effective and has high energy conversion
efficiency [5]. The PEC method for hydrogen products
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visible light illumination [11]. Zhao et al. synthesized
BiFeO3/TNT using an ultrasound-assisted SILAR method.
The electrodes of BiFeO3/TNT showed a surface
photovoltage response twice as strong as that of TNT and
increased photo electrocatalytic performance in the
degradation of methylene blue up to 75.7% [12].
However, a single PEC cell of BiFeO3/TNT is still
insufficient in the water-splitting application due to the
need for additional voltage bias to oxidize water.
A tandem system integrating DSSC and PEC cells can
improve visible light harvesting by employing molecular
photosensitizers on the surface of the oxide semiconductor.
The additional energy provided by the DSSC can also
eliminate the need for additional bias to split water into
the conventional PEC cells [3]. Several studies have been
conducted to develop a DSSC–PEC tandem system; for
example, Samsudin et al. developed a DSSC–PEC
tandem in series using TiO2/BiVO4 to produce hydrogen.
They showed that TiO2/BiVO4 0.8% wt succeeded in
producing 692 umols of hydrogen in 120 min [13].
Surahman also developed a quantum dot sensitized solar
cell-photoelectrochemical
(QDSSC–PEC)
tandem
system for hydrogen production using a photocatalyst of
TNT sensitized to CdS nanoparticles as electrodes in
QDSSC and Pt/TNT as a cathode, which plays a role in
reducing H+ to H2. The efficiency of hydrogen production
through water splitting using CdS/TNT was 4.78% [14].
However, the authors believe that the use of BiFeO/TNT
electrodes in the DSSC–PEC tandem system for H2 evolution has not been previously reported. Therefore, hydrogen production was conducted by developing a
DSSC–PEC tandem system using BiFeO3/TiO2 nanotube
(BiFeO3/TNT). The BiFeO3/TNT was initially optimized
by comparing the following three synthesis methods: SILAR, ultrasonication-assisted SILAR, and ultrasonic–
immersion. The PEC cell comprises a photoanode
(BiFeO3/TNT) and a cathode (Pt/TNT) separated into a
Nafion membrane in an H-type reactor. Meanwhile, the
DSSC cell used TNT/N719 as an anode, electrolyte I-/I3, and Pt/FTO as a cathode.

Materials and Methods
Materials. The materials used included the following:
deionized water (H2O), ammonium fluoride (NH4F), dihexachloroplatinic (IV) acid (H2PtCl6), sulfuric acid
(H2SO4), acetylacetone (C5H8O2), acetone (C3H6O), acetonitrile (CH3CN), iron (III) nitrate nonahydrate
(Fe(NO3)3.9H2O), bismuth (III) nitrate pentahydrate
(Bi(NO3)3.5H2O), ethanol (C2H5OH), ethylene glycol
(C2H6O2), fluorine-doped tin oxide (FTO) glass, iodine
(I2), potassium hydroxide (KOH), potassium iodide (KI),
Nafion membrane, sodium sulfate (Na2SO4), and titanium (Ti) plate. All materials were obtained from SigmaAldrich and used as is, except for titanium (Ti) plate and
deionized water (H2O), which were obtained from Baoji
Makara J. Sci.
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Jinsheng Metal Material Co. Ltd and OneMed, respectively.
Preparation of TiO2 nanotube (TNT). The synthesis of
the TiO2 nanotube was conducted by the anodization
method. The titanium plate (4 cm × 1.5 cm × 0.02 cm,
0.3 mm thick, 99.6% purity) was cleaned via sanding using abrasive paper to remove impurities. Subsequently,
the plate was sonicated in acetone and ethanol solutions
at room temperature for 16 min each. The sonicated plate
was then rinsed with deionized water and air dried. Anodization experiments were performed in an electrochemical cell comprising two electrodes (Ti plate and stainless
steel as anode and cathode, respectively) with a potential
of 40 V for 45 min. The electrolyte used was ethylene
glycol, which contains 0.3% NH4F and 2% H2O. The distance between the electrodes is 1.5 cm. The sample was
then rinsed with deionized water, air dried, and calcined
at 450 °C for 2 h to obtain the anatase phase from amorphous [15].
Preparation of BiFeO3/TiO2 nanotube (BiFeO3/TNT).
BiFeO3/TiO2 nanotube was synthesized by three deposition
methods, namely SILAR, ultrasonication-assisted SILAR,
and ultrasonic–immersion. The BiFeO3/TNT prepared by
the SILAR, ultrasonic-assisted SILAR, and ultrasonic
immersion methods are symbolized as S, US, and UI,
respectively. The first deposition technique, namely the
SILAR method, was conducted by alternately immersing
the TNT in 50 mL ethylene glycol containing 0.01 M
Bi(NO3)3 solution and 0.01 M Fe(NO3)3 in 50 mL
deionized water solution for 1 min each. Before each
immersion, the sample was rinsed with ethanol and dried
in the open air [12]. The immersion was repeated for
several cycles to increase the BiFeO3 loading (BiFeO3/
TNT_Sx, where x = a number of SILAR cycles). The
same technique was used for US deposition but with the
help of ultrasonication (BiFeO3/TNT_USx). The third
technique, namely the ultrasonic–immersion process,
was performed first by creating a mixed solution of 0.808
g Fe(NO3)3.9H2O and 0.970 g Bi(NO3)3.5H2O dissolved
in 20 mL ethylene glycol. Next, 20 µL of 0.1 M HNO 3,
0.42 g of citric acid, and 10 mL of ethylene glycol were
added with stirring for 1 h at 60 °C. The sample was
immersed in the solution for 1 h, accompanied by an
ultrasonication process (BiFeO3/TNT_UIx). The sample
was then dried at 150 °C for 10 min. Furthermore, all
synthesized BiFeO3/TNT were calcined at 500 °C for 2 h
[16].
Characterization. The optical properties of the samples
were characterized by Fourier transform infrared (FTIR)
and UV-Visible diffuse reflectance spectroscopic (UVVis DRS). A scanning electron microscopy-equipped energy-dispersive X-ray (SEM-EDX) was used to confirm
the morphology and atomic composition of the samples,
while the X-ray diffraction (XRD) spectrometer confirmed the crystal phase.
September 2022  Vol. 26  No. 3
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Figure 1. Schematic of DSSC–PEC Preparation for Hydrogen Production

Photoelectrochemical test and evolution of hydrogen
gas (H2). The synthesized BiFeO3/TNT was tested
photoelectrochemically using linear sweep voltammetry
(LSV) and multiple-pulsed amperometry (MPA).
Measurements with the LSV and MPA methods were
conducted in Na2SO4 0.1 M electrolyte with a threeelectrode system, where BiFeO3/TNT is the working
electrode, Pt is the counter electrode, and Ag/AgCl is the
reference electrode. This measurement uses visible light
that comes from a white LED lamp with a power of 13
W. The evolution of hydrogen (H2) gas was realized
using a tandem system between DSSC and PEC cells.
The arrangement of the DSSC cells follows a sandwich
cell configuration. DSSC cells comprised TNT/N719 as
an anode, I-/I3- as an electrolyte, and Pt/Fluorine-doped
tin oxide (Pt/FTO) as a cathode. The synthesis of
TNT/N719 was conducted by immersing TNT in a dye
solution of N719 using 0.3 mM ethanol solvent at room
temperature for 24 h [17]. The electrolyte solution I-/I3was prepared by dissolving 0.13 g I2 crystals in a mixed
solvent of 20 mL acetonitrile and 5 mL ethylene glycol
and then adding 0.18 g of KI powder and stirring for 30
min [18]. Pt/FTO electrode was prepared first by
cleaning the FTO glass using sonication in pure ethanol.
Next, drops of 40 mM H2PtCl6 in ethanol solution were
added to its conductive surface before being heat-treated
at 380 °C for 30 min [14]. The assembly and hydrogen
evolution test of the DSSC–PEC system is illustrated in
Figure 1. The process was conducted in two compartments
of the H-reactor, namely the PEC cathode (Pt/TNT) and
the PEC photoanode (BiFeO3/TNT_UI3) connected by a
Nafion membrane. The electrolyte used in both
compartments was 50 mL of 0.5 M H2SO4. The DSSC
anode part (TNT/N719) was connected to the PEC
cathode and the DSSC cathode (Pt/FTO) part was
connected to the PEC photoanode by Cu wire. A 400 W
Makara J. Sci.

halide lamp was used as the visible light source in this
experiment. This DSSC–PEC tandem system is
connected to a sample bag to accommodate the H2 gas
production. The resulting H2 gas was analyzed using gas
chromatography with a thermal conductivity detector
(GC-TCD) using an activated carbon column.

Results and Discussions
The synthesis of BiFeO3/TNT was conducted using the
SILAR method and ultrasonic–immersion. The SILAR
method aims to produce uniform and controlled particle
growth. The principle of the SILAR method is based on
the successive process between adsorption and reactions
of two separate reactants to form a particle that could
grow directly on the substrate [19]. One cycle of SILAR
is completed when TNT has been successively immersed
in Bi3+ solution, rinsed with ethanol, immersed in Fe3+
solution, and rinsed with ethanol again. The immersion
of the sample in ethanol before each reactant was performed to decrease the adsorbed ions on the TNT, thus
allowing slow and controllable particle growth. The possible reactions are as follows.
Bi3+ + 3OH− → Bi(OH)3
Fe3+ + 3OH− → Fe(OH)3

Calcination 500°C

Bi(OH)3 + Fe(OH)3 →

BiFeO3 + 3H2O

The ultrasonic–immersion method was conducted by immersing the TNT in a mixture of Bi(NO3)3 and Fe(NO3)3
in ethylene glycol at 60 °C. This process results in the
formation of hydroxides, namely Bi(OH)3 and Fe(OH)3.
The formation of BiFeO3 occurred during the calcination
process for both methods. The possible reactions are as
follows.
September 2022  Vol. 26  No. 3
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Bi(NO3)3 + C2H6O2 → [Bi(C2H5O2)]2+ + 3NO3− + H+
Fe(NO3)3.9H2O → [Fe(H2O)9]3+ + 3NO3−
[Bi(C2H5O2)]2+ + [Fe(H2O)9]3+ → C2H6O2 + Bi(OH)3 +
Fe(OH)3 + 11H+ + 3O−
Calcination 500°C

Bi(OH)3 + Fe(OH)3 →

BiFeO3 + 3H2O

UV-Vis DRS characterization aimed to determine the
band gap energy of TiO2 nanotube and BiFeO3/TiO2
nanotube (TNT and BiFeO3/TNT). The results of the
UV-Vis DRS characterization of TNT and BiFeO3/TNT
synthesized using the SILAR method, ultrasonicationassisted SILAR method, and ultrasonic–immersion
method with three cycles can be seen in Figure 2(a).
Similar to the well-known anatase phase (3.20 eV), the
synthesized TNT has a band gap of 3.21 eV [7]. The
synthesized BiFeO3/TNT had a band gap of 2.81, 2.63,
and 2.69 eV for BiFeO3/TNT_S3, BiFeO3/TNT_US3,
and BiFeO3/TNT_UI3, respectively. Band gap values
were obtained using the Kubelka–Munk and Tauc
equations [20]. Fu et al. stated that the BiFeO3 band gap
value is 2.0–2.8 eV [8]. These data indicate that the
BiFeO3 deposited on TNT succeeded in reducing the
band gap value, thus increasing its activity in the visible
region. The lower band gap of BiFeO3/TNT_US3
compared with other techniques indicates that the
sonication process affects the deposition of BiFeO3 on
TNT. Additional deposits of BiFeO3 on TNT can reduce
the bandgap. In addition, the size of the BiFeO3 affects
the band gap.
The FTIR spectra of TNT and BiFeO3/TNT measured
from the wavenumber of 4000–400 cm−1 are shown in
Figure 2(b). Ti-O-Ti bonds at a wavenumber of 900–450
cm−1 centered at 833 cm−1. Furthermore, a bending -OH
group at wavenumber 1800–1400 cm−1 and -OH group
stretching at wavenumber 3600–3000 cm−1 are observed.
This -OH group indicates the presence of a TNT surface
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that is still attached to water molecules. In the spectrum
of BiFeO3/TNT_S3 and BiFeO3/TNT_US3, an additional
peak is observed at the wavenumber of 439 cm −1, which
is a bending O-Fe-O group [21]. When BiFeO3 was
deposited with TNT using the SILAR method, the release
of Bi ions occurred during washing with ethanol.
However, in the BiFeO3/TNT_UI3, two additional
groups at a wave number of 439 cm −1, namely O-Fe-O
bending and Fe-O stretching, appeared at a wavenumber
of 545 cm−1. These results are similar to the previous
report, which states that those peaks belong to the
octahedral group of FeO6 perovskite [21, 22].
Figure 3(a) shows the results of the LSV test on
BiFeO3/TNT samples with various methods when
exposed to visible light with a 13 W white LED lamp.
The electrolyte solution was in a 0.1 M Na2SO4 solution.
The current in the LSV was measured from potential −1
to 1 V with a scan rate of 25 mV/s. Based on the figure,
the current density of BiFeO3/TNT_UI3 is higher than
the others. BiFeO3/TNT using the SILAR method, the
ultrasonication-assisted SILAR method, and the
ultrasonic–immersion method with three cycles were also
analyzed using the MPA method to determine the current
response to visible light without being given a voltage.
This measurement was conducted at a potential of 0 V
with a visible light irradiation time every 10 s using 13
W white LED lamp. Figure 3(b) shows the following:
when visible light is applied, the current density increases
sharply; when the visible light is turned off, the current
density decreases sharply. The LSV and MPA data reveal
that the current density of produced TNT is remarkably
small when exposed to visible light. However, when
deposited with BiFeO3, the current density increased,
which is incorporated into the increase in the
photocatalytic activity. This phenomenon can be due to
the incorporation of the small band gap material and the

Figure 2. (a) Curve of the Bandgap Values using Kubelka–Munk and Tauc Calculations; (b) FTIR Spectra of TNT and
BiFeO3/TNT at Three Cycles
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suitable junction of band energy between BiFeO3 and
TNT [23]. The principle that occurs is as follows: when
BiFeO3/TNT is given sufficient energy or larger than its
band gap energy, the electron excitation process occurs
toward the conduction band from the valence band. The
resulting electrons are measured as the current density.
Of the three methods, the current density produced using
the ultrasonic–immersion method is higher than the
others by up to 0.009 mA/cm2. This finding indicates the
excitation of additional electrons due to the small
bandgap, thus increasing the current density when
exposed to visible light. A small band gap indicates a
high current density. The band gap value is influenced by
the morphology or the size of the BiFeO3. In the
ultrasonic–immersion method, BiFeO3 was effectively
deposited on TNT, resulting in fast charge transfer and
slow recombination, which shows an increase in

photoelectrochemical properties compared with BiFeO3/
TNT synthesized using the SILAR method because
BiFeO3 was ineffectively deposited. Ferroelectricity can
induce electrical polarization when deposited with
BiFeO3 [24]. Thus, BiFeO3/TNT has high efficiency in
charge separation by visible light.
The BiFeO3/TNT synthesis was then continued in cycles
to achieve optimum results for each method. The SILAR,
ultrasonication-assisted SILAR, and ultrasonic–
immersion methods obtained optimum results at 15, 5,
and 3 cycles, respectively. In the SILAR method,
additional cycles are needed to achieve optimum results.
This condition is attributed to the accelerated penetration
of the ions Fe3+ and Bi3+ in the TNT due to sonication.
These optimum cycles were characterized by UV-Vis
DRS, FTIR, potentiostat, XRD, and SEM-EDX.

Figure 3. (a) LSV and (b) MPA of TNT and BiFeO3/TNT at Three Cycles

Figure 4. (a) Curve of the Band Gap Values using Kubelka–Munk and Tauc Calculations; (b) FTIR Spectra of TNT and
BiFeO3/TNT at Optimum Cycle
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The results of the UV-Vis DRS characterization of TNT
and BiFeO3/TNT synthesized using the SILAR method,
ultrasonication-assisted SILAR method, and ultrasonic–
immersion method are shown in Figure 4(a). The
synthesized BiFeO3/TNT had band gaps of 2.51, 2.48,
and 2.69 eV for BiFeO3/TNT_US5, BiFeO3/TNT_S15,
and BiFeO3/TNT_UI3, respectively. In the condition of
BiFeO3/TNT junction, the low band gap result might be
attributed to the high amount of deposited BiFeO3 on the
TNT. The difference in the number of cycles in each
technique to achieve almost similar bandgap shows the
different kinetics of particle growth of each deposition
technique.
Figure 4(b) shows the FTIR spectra of TNT and
BiFeO3/TNT measured from wavenumbers 4000–400
cm−1 using the SILAR method with 5 cycles of
ultrasonication, the ultrasonication-assisted SILAR
method with 15 cycles, and the ultrasonic–immersion
method with 3 cycles. The resulting FTIR
characterization is the same as in Figure 2(b), thereby
demonstrating the presence of Ti-O-Ti bonds, -OH
bending, and -OH stretching groups. O-Fe-O bending
and Fe-O stretching groups are observed in the spectrum
of BiFeO3/TNT synthesized using the ultrasonic–
immersion method.
The XRD characterization of TNT and BiFeO3/TNT is
shown in Figure 5, and the diffraction pattern of TNT
reveals the presence of crystal peaks of TiO2 anatase and
metal titanium. The crystal peak of TiO2 anatase is 2Ө at
25.37° (101), 37.96° (004), 48.10° (200), 53.97° (105),
55.02° (211), 63.01° (204), and 76.26° (301), which has
been adjusted with ICDD NO. 01-089-4921. In addition
to the TiO2 peak, the Titanium (Ti) peak was found at an
angle of 2Ө, namely 35.15° (100), 38.50° (002), 40.23°
(101), 53.08° (102), 70.70° (103), 77.27 (201), and
82.33° (004), which has been adjusted to the ICDD NO.
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00-044-1294. The BiFeO3/TNT_UI3 diffraction pattern
shows two additional peaks, namely BiFeO3 crystal
peaks from the planes (104) and (110), which are
perovskite structures that have been adjusted in
accordance with ICDD NO. 01-077-8326.
Figure 6(a) shows that the current density of
BiFeO3/TNT_UI3 is higher than that of the others. The
BiFeO3 is evenly deposited on the TNT. Therefore, when
irradiated with visible light, the electron excitation process occurs toward the conduction band from the valence
band, resulting in high current density. BiFeO3/TNT synthesized at the optimum cycle was also analyzed using
the MPA method. Figure 6(b) shows that the current density generated using the ultrasonic–immersion method is
higher than the others by up to 0.009 mA/cm2. This finding indicates that more electrons are generated compared
with other samples because the current density increases
when exposed to visible light.

Figure 5. XRD Diffractograms of TNT and BiFeO3/TNT at
Optimum Cycles

Figure 6. (a) LSV and (b) MPA TNT and BiFeO3/TNT at Optimum Cycle
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Figure 7(a) depicts the SEM image of the obtained TNT
sample, which shows the form of nanotubes arranged in
an orderly manner. The top morphology of the
BiFeO3/TNT_UI3 sample as the best-obtained photoelectrode is shown in Figure 7(b). The BiFeO3 was observed around the edge of the TNT wall with white color
without covering the nanotube holes. These observations
indicate that this deposition process does not damage the
nanotube structure in TNT. This result is also supported
by EDX, which shows that the percentage of constituent
elements in the synthesized BiFeO3/TNT_UI3 sample
contained elements of Ti, O, Bi, and Fe, which is shown
in Figure 7(c). The EDX data of the BiFeO 3/TNT_UI3
show that the percentage ratio by weight of Ti:O:Bi:Fe is
55.92: 39.66: 3.20: 1.21, with the atomic ratio of Bi and
Fe to 0.7:1. This EDX result confirmed that BiFeO3 had
been deposited on TNT.
Next, the efficiency of the DSSC, which is used in the
tandem system, was measured. Figure 8 shows the I–V
curve of the DSSC when exposed to visible light using a
13 W white LED lamp. This measurement is conducted
using the LSV method with a potential range of 0 to 1 V.

The figure reveals that the values of short-circuit photocurrent (Jsc), open-circuit photocurrent (Voc), maximum
current (Jmax), maximum voltage (Vmax), maximum
power point (Pmax), fill factor (FF), and efficiency (ƞ)
were determined and are shown in Table 1. DSSC efficiency can be calculated using Equation 1 [25]:
%ƞ=

FF x Voc x Jsc
Pin

x 100%.

(1)

Based on Equation 1, the DSSC efficiency value is 1.27%
and the efficiency value increases with the Jsc and Voc
values. A high value of Jsc indicates a reduction in
electron recombination. The FF value obtained was
0.304. The FF is a parameter that measures solar cell
quality and maximum power. The DSSC used herein can
help the system achieve unbiased hydrogen evolution
from water despite its lower efficiency and FF value
compared with other results. This DSSC aims to produce
additional electrons that enter the catalysis zone to
increase the amount of hydrogen formed using the water
splitting process.

Figure 7. Surface Morphology by SEM (a) TNT with a Magnification of 50,000x; (b) BiFeO3/TNT with Three Cycles of Ultrasonic–immersion Method with a Magnification of 50,000x; (c) EDX BiFeO3/TNT with Three Cycles of Ultrasonic–
immersion Method
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Figure 8. I–V Curve to Measure the Efficiency of DSSC

Table 1. Photovoltaic Performance on DSSC Arranged with a Sandwich Structure

Jsc
(mA/cm2)

Voc
(V)

Max
(mA/cm2)

Vmax
(V)

Max
(mW/cm2)

Pin
(mW/cm2)

FF

%ƞ

0.024

0.404

0.012

0.246

0.003

0.237

0.304

1.27%

Figure 9. Schematic Illustration of the Hydrogen Evolution Mechanism

Afterward, the DSSC–PEC tandem system was
constructed, as shown in Figure 1. In the DSSC part,
there was Pt/FTO as cathode and TNT/N719 as anode
using electrolyte solution from I-/I3- while the PEC part
used BiFeO3/TNT_UI3 which was synthesized at
photoanode and Pt/TNT at the dark cathode where H2 is
generated. Hydrogen production was conducted for 6 h
in an H-reactor filled with H2SO4 0.5 M with a
photoanode, DSSC (cross-sectional area of each 3 cm2)
was irradiated by a 400 W metal halide lamp (equivalent
with 3.588 mW/cm2), the cathode was left in the dark.
The H2 gas formed was then captured in a sample bag and
analyzed using GC-TCD. The solar-to-hydrogen (STH)
efficiency was calculated using Equation 2.
Makara J. Sci.

ƞ=

[rH2 ]ΔG
PA

.

(2)

The obtained STH efficiency was 0.0033% from this
experiment. The experiment was also performed under
dark conditions without any illumination. The analysis
using GC-TCD revealed the absence of H2 gas in the dark
condition, indicating the need for a light source to run the
system. The energy source for the excitation of electrons
is insufficient in the absence of light, leaving holes to
oxidize water and electrons to reduce H+ to H2.
The reaction mechanism for hydrogen evolution in the
DSSC–PEC tandem system is illustrated in Figure 9; that
is, when exposed to visible light, light absorption occurs
September 2022  Vol. 26  No. 3
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at the DSSC and BiFeO3/TNT_UI3 photoanode. In the
DSSC section, the dye N719 in TNT/N719 experiences
electron excitation (e-) from HOMO N719 to LUMO
N719 when exposed to light, leaving a hole (h +) in the
HOMO. The electrons (e-) then flow into the TNT
conduction band and toward the Ti plate. Furthermore,
electrons (e-) flow into the external circuit to the PEC
cathode. These electrons play a role in reducing H+ to H2.
Meanwhile, at the photoanode, the electrons (e -) are
excited from the valence band (VB) to the conduction
band of the BiFeO3, then leaving a hole (h+) in the VB.
Next, the electrons (e-) proceed to the Pt/FTO (DSSC
cathode) through the external circuit to regenerate the
electrolyte (I-/I3-). The resulting hole (h+) oxidizes water
into O2 while generating protons (H+). The H+ produced
then moves from the photoanode to the PEC cathode
(Pt/TNT) through the Nafion membrane [25].

Conclusions
BiFeO3/TNT was synthesized using SILAR, ultrasonication-assisted SILAR, and ultrasonic–immersion
methods with optimum cycles of 15, 5, and 3,
respectively. The synthesized BiFeO3/TNT produces a
small band gap value and extends its activity toward
visible light. The current densities generated from
BiFeO3/TNT_S15, BiFeO3/TNT_US5, and BiFeO3/
TNT_UI3 are 0.003, 0.005, and 0.009 mA/cm 2,
respectively. BiFeO3 plays an important role in charge
separation under visible light, where the highest current
density at MPA is 0.009 mA/cm2 and is synthesized by
the ultrasonic–immersion method. The efficiency of solar
cells on the DSSC from the DSSC–PEC tandem system
was 1.27%, while the DSSC–PEC tandem system for
producing H2 with dark cathode and anode conditions
and DSSC irradiated with visible light obtained STH
efficiency of 0.0033%. Hydrogen production was absent
under dark conditions at both the cathode, anode, and
DSSC.
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